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A B S T R A C T   
The techno-economic potential of two different photovoltaic power plants (PPP) (i.e. PV-only and PV-Battery) 
systems under three different climatic conditions in Ghana were presented in this paper. The System Advisor 
Model was used to model a 20 MW PPP at Wa, Sunyani and Nsawam to assess their technical and economic 
performances. The research took into consideration monthly energy generation, capacity factor (CF), sensitivity 
analysis, tracking systems and some financial parameters. Results from the analysis shows that the PV-only and 
PV-Battery systems with fixed-axis tracking (FT) technology generated an annual energy of 31 GWh at Wa and 28 
GWh at Sunyani and Nsawam in the first year. CF ranging from 16% to 18% were obtained for both systems with 
FT technology for all sites. However, the integration of tracking systems (i.e. single-axis (SA) and double-axis 
(DA)) increased the annual energy to between 36 and 43 GWh with corresponding increases in CF ranging be-
tween 21% and 25%. The LCOE also decreased from 8 to 10 ¢/kWh for the FT system to 5–6 ¢/kWh for both SA 
and DA systems. In general, the northern section (Wa) was identified as the best location for the development of 
large-scale PPP in Ghana.   
Introduction 
Energy demand has been skyrocketing globally as a result of 
increasing industrial activities, population growth as well as radical 
changes in energy consumption patterns among people in recent times. 
It has been projected that the world’s energy demand will grow by 30% 
by 2040 [1]. However, the main source of energy generation globally is 
fossil fuel which is depleting and has also been identified as the major 
source of greenhouse gas emissions (GHG), which is the cause of global 
warming [2]. It is for this reason that led to the adoption of two his-
torically crucial agreements by the United Nations (UN) in 2015, they 
are, the Paris Agreement (UNFCCC in 2015) and the Sustainable 
Development Agenda for 2030 (United Nations, 2015). Leadership 
around the world agreed to limit the global average temperature below 
2℃. The UN has also included energy into its Sustainable Development 
Goals (SDG 7), which is aimed at providing affordable, sustainable, 
reliable and clean energy for all [3,4]. 
The development and use of renewable energy (RE) globally is seen 
as a progressive way of phasing out the use of fossil fuel as the main 
source of energy and also to mitigate the adverse effects of climate 
change [5]. Generation of energy using solar photovoltaic (PV) energy 
has seen lots of development in recent years. Several countries are 
capitalizing on its economic potential to meet their electricity demands 
[6]. Ghana just like several other developing countries is confronted 
with a challenge of meeting its energy demand which has resulted in 
recurring energy crisis over the years. Ghana’s current energy mix is 
largely made up of thermal (which depends on fossil fuel) and hydro 
energy which represent 69.3% and 30.4%, respectively, only 0.3% of 
energy generation is from solar energy. Other renewable energies such 
as wind, biomass and wave energy among others are not fully exploited 
despite their high potential in the country [7–9]. 
The country is signatory to numerous international agreements, 
treaties as well as regional programs such as the Sustainable Energy for 
All (SE4ALL) initiative, AU Agenda 2063, the White Paper on Access to 
Energy by the Economic Community of West African States (ECOWAS) 
etc., which are all aimed at promoting the use of sustainable energy 
development on the continent. The government of Ghana has therefore 
projected to increase the percentage of renewable energy in the gener-
ation mix to some 10% by 2030 [10]. The Ghanaian government and 
other stakeholders are therefore trying to create the enabling environ-
ment for the development of the country’s RE sector through the 
formulation of policies and the provision of incentives [10,11]. How-
ever, this cannot be complete without the necessary information on the 
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country’s solar energy resources and their ability to support viable 
commercial large-scale solar power plants (SPP). A lot of literatures on 
Ghana’s renewable energy potentials such as [12–16], have mainly been 
on policy and the identification of barriers that hinders the development 
of Ghana’s RE sector. And one of the main challenges identified by some 
of these literatures is the lack of reliable information on the country’s RE 
sector as well as their economic potentials. There is currently not enough 
literature which focuses on the economic potentials of these resources in 
Ghana. The one that exist, i.e., Ref [17], only concentrated on a single 
location and technology which does not provide a comprehensive 
overview of the country’s solar energy potentials relative to the various 
technologies available in the solar energy industry. 
A number of studies has been conducted in that regard for a several 
other countries. Pillai and Naser [18], conducted a techno-economic 
analysis on large-scale PV power system in Bahrain. A levelized cost of 
energy (LCOE) and net present value (NPV) of 0.0423 $/kWh and 
$1,512,334, respectively, were obtained in their study. Adaramola [19], 
evaluated the economic potential of a 2.07 kW rooftop grid-connected 
PV power plant in Norway. Results from the study shows that the sys-
tem generated an LCOE of US$0.246/kWh. Bhakta and Mukherjee [20], 
conducted a techno-economic performance analysis of a PV power plant 
for use in an isolated Indian island. A net present cost of $ 9637, cost of 
energy of 0.398 $/kWh and an operating cost of 224 $/year were ob-
tained in their study. Al-Saqlawi et al [21], also assessed the techno- 
economic potential of roof-top solar PV/battery system for electricity 
generation in Oman. Their results indicated that, the grid-independent 
PV system that was studied was not feasible under the conditions they 
adopted. However, the grid-independent system could become bankable 
if the cost of battery was reduced significantly (i.e. >90% reductions). Li 
et al. [22], assessed and compared the techno-economic performance of 
grid-connected PV power plants on rooftop building housing 14 families 
in five different climatic regions in China using the HOMER software. 
Their study identified Kunming as the most bankable site, it recorded an 
LCOE of 0.073 $/kWh, and NPC of $113,382. Edalati et al. [23], worked 
on the technical and economic performance of a grid-connected 
photovoltaic system in Iran. The obtained capacity factor (CF) from 
the PV system ranged from a minimum value of 12% in Ramsar to a 
maximum value of 23.13% in Kerman. The LCOE also ranges from 19.92 
¢$/kWh in the south-eastern section of the country to 38.38 ¢$/kWh in 
the northern zone. Allouhi et al. [24], similarly evaluated the 
performance, economic and environmental aspect of two grid-connected 
PV power plants in Meknes, Morocco. The obtained LCOE for the sys-
tems ranges between 0.073 and 0.082 $/kWh and a payback period 
which ranges between 11.10 and 12.69 years. Xu et al. [25], performed a 
techno-economic analysis for an off-grid PV power system in Sindh, 
Pakistan. Their study revealed that the PV system will provide electricity 
at a cost of Rupees (PKR) 6.87/kWh which according to the research is 
relatively cheaper than the PKR 20.79/kWh charged for the generation 
of energy from conventional energy sources in Pakistan. Emmanuel et al. 
[26], also assessed the bankability of a 10 kWp utility interactive PV 
system for Wellington in New Zealand. A performance ratio which 
ranges between 76% and 79% was obtained. LCOEs of 12.1, 14.1 and 
16.2 cent/kWh were obtained for discount rates of 4%, 6% and 8%, 
respectively. Others conducted similar studies in countries such as Oman 
[27], Iraq [28], Portugal [29], China [6], Italy [30] and Kenya [31] to 
assess the viability of photovoltaic power plants in those countries. 
Thus, the objective for this study is to provide a comprehensive 
techno-economic analysis on Ghana’s solar energy across the entire 
country to fill the current research gap. To achieve this objective, the 
country was divided into three main sections, i.e., northern, middle and 
southern belts, which all have unique weather characteristics. This study 
is to the best of the author’s knowledge, the first of its kind for the 
country based on the detailed economic and technical analysis con-
ducted. The approach of this study can serve as reference material for 
scientists and researchers in other developing economies especially on 
the African continent to assess the impact of high financial uncertainties 
on the performance of RE power plants. The results of this study is also 
expected to play a key role in the Ghana’s solar energy sector not just for 
policy and decision makers but also for investors, researchers and non- 
governmental organizations with interest in green energy develop-
ment. The paper is organized into 5 sections. The breakdown is as fol-
lows: the weather characteristics of the study areas are presented in 
“Ghana’s solar energy potential and solar radiation characteristics”, the 
methodology adopted for the study is also presented in “Materials and 
methods”. The next section which is “Results and discussions” also covers 
the results and discussions whiles the conclusions on this paper is pre-
sented in “Conclusions”. 
Nomenclature 
Abbreviations 
AC Alternating Current 
CF Capacity Factor 
DAT Double-axis Tracker 
DC Direct current 
ECOWAS Economic Community of West African States 
EPIA European Photovoltaic Industry Association 
FT Fixed-axis tracking 
GHG Greenhouse Gases 
HOMER Hybrid Optimization of Multiple Energy Resources 
LCOE Levelized Cost of Energy 
IRR Internal Rate of Return 
MPPT Maximum Power Point Tracking 
NASA National Aeronautics and Space Administration 
NEDO New Energy and Industrial Technology Development 
Organization 
NOCT Nominal Operating Cell Temperature 
NPV Net Present Value 
NREL National Renewable Energy Laboratory 
O&M Operation and Maintenance 
PPA Power Purchase Agreement 
PV Photovoltaic 
RE Renewable Energy 
ROC Real Operating Conditions 
SAM System Advisor Model 
SAT Single-axis Tracker 
SOC State of Charge 
SPP Solar Power Plant 
UN United Nations 
UNFCCC United Nations Framework Convention on Climate Change 
Subscript 
ac alternating current 
dc direct current 
mp maximum power 
oc open circuit 
sc short circuit 
Symbols 
¢/kWh cent per Kilowatt Hour 
¢$/kWh Dollar Cent per Kilowatt Hour  
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Ghana’s solar energy potential and solar radiation 
characteristics 
Ghana’s solar energy potential is very enormous, it is estimated that 
the country could generate as much as 240 GW of power from solar 
energy alone, assuming 80% of its total land surface was used to harness 
energy from the sun [32]. The Upper West region is said to have the 
highest solar irradiation of about 5.524 kWh/m2/day. The least aver-
agely recorded solar irradiation for the entire country is at a town in the 
Eastern region, specifically, Akim Oda, it records about 4.567 kWh/m2/ 
day [7]. 
Geographic physiognomies and solar resource of study areas 
In this study, Ghana is divided into three main sections; Southern, 
Middle and Northern belts. One location each was selected from these 
sectors to analyze their ability to support large-scale PV power plant by 
evaluating their techno-economic potentials. The selected site for the 
Northern belt is Wa in the Upper West region located on latitude 10.06◦
N and longitude − 2.51◦ E, this site according to data from NASA records 
an annual average of solar radiation horizontal of 5.57 kWh/m2/day. 
The second site for the case study which is located in the Middle belt is 
Sunyani, which is the capital of Bono region, it is located on latitude 
7.34◦ N and longitude − 2.35◦ E, it also records an annual average solar 
radiation horizontal of 4.80 kWh/m2/day. The final site is located in the 
Southern belt at Nsawam in the Eastern region, it is found on latitude 
5.81◦ N and longitude − 0.34◦ E, also with an annual average of 4.49 
kWh/m2/day of solar radiation horizontal. Fig. 1 shows the hourly 
weather data characteristics of the studied areas obtained from NASA. 
Availability of solar radiation have a huge effect on the economic 
viability of large-scale PV power plants. From the data in Fig. 1, it is 
clear that the northern belt has the highest solar irradiance followed by 
the middle belt (Sunyani) and lastly the southern belt (Nsawam). The 
availability of solar radiation at a specific location has a significant 
impact on the LCOE [2]. The months of January, February, November 
and December recorded the highest solar radiations for all three sectors, 
due to the dry season during those months. The least solar irradiation 
was recorded in the month of July; however, August and September also 
record some low values because these are the periods with the high 
rainfall in the country. 
Principle of operation of PV cells 
PV technology generates electric power directly from sunlight by an 
electronic process using specific materials known as semiconductors. 
Electrons in the semiconductor are freed by the solar energy which can 
be induced to move through an electrical circuit, which then powers 
electrical appliances or generate electricity to grid. The semiconductor 
materials in the solar panel gets ionized when they are strike by photons, 
causing the outer electrons to break loose from their atomic bonds. As a 
result of the structure of semiconductors, the electrons are forced to 
move in a single direction which creates a flow of electric current. 
However, solar cell’s efficiency is less than 100% in crystalline silicon 
cells since only a fraction of light within the spectrum is absorbed whiles 
others are reflected or too weak (i.e. infrared) to generate electricity. 
Some (i.e. ultraviolet) ends up creating heat instead of electrical energy 
Fig. 1. Hourly weather data for the selected sites (Data obtained from NASA).  
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[33]. 
Materials and methods 
The methodology adopted for the study is presented in this section. 
In this paper, SPPs with and without a battery storage system were 
modeled at all three selected sites in the country. This section covers two 
parts; the methodology and materials used for the modeling and finan-
cial analysis. 
SAM software 
The SAM software which was developed by the U.S. National 
Renewable Energy Laboratory (NREL) was used for the modeling. SAM 
calculates the financial and performance metrics of some renewable 
energy technologies; it also integrates financial models for projects with 
Power Purchase Agreements (PPA). SAM (version 2020.2.29) was used 
as the modeling tool because of its ability to offer a comprehensive 
techno-economic assessment of RE applications. It is an electric power 
generation model which functions under the assumption that RE system 
delivers its power to either a grid-connected building, or electric grid or 
a facility to meet an electric load [34]. This research considers a PPA 
single owner (utility) for the analysis. It predicts the system costs and 
performance of the energy base on the input parameters for the modeled 
project [35]. The software has been used by several researchers 
[2,11,36–38] to conduct techno-economic assessment of different SPPs 
around the world. 
Financial parameters 
In order to conduct the economic analysis, the LCOE and the NPV 
metrics were used to evaluate the viability of the power plants. The 
LCOE is said to be the cost of electricity produced by a plant. It is the 
metric that is usually used in comparing cost of energy from different 
generation technologies. It is the present or current value of the project’s 
cost expressed in dollars per electricity produced by the plant over its 
entire lifetime expressed in kWh. The model calculates both the nominal 
and real LCOEs, however, the real LCOE was used in this analysis 
because it accounts for the long years of inflation over the project life-
time, i.e. it includes the long-term analysis whiles the nominal LCOE is 













Where: Co is the amount for the plant’s equity investment ($), Cn 
denotes the cost of the project in n years (this includes the operation and 
maintenance, installations, financial costs and fees) ($), dreal represents 
the real discount rate (%), dnominal is the nominal discount rate (i.e. the 
discount rate with inflation) (%), N is the period for the analysis (years), 
Qn is the generated electricity by the plant in year n (kWh). 
The SAM model considers the following during the calculation of the 
LCOE [36]:  
• The state and regional tax charges;  
• Expenses from operations including insurance payments, operation 
and maintenance (O&M) and property taxes;  
• Capital for disbursement of assets or reserves i.e. replacement of 
equipment, working capital and debt servicing;  
• Equity investment for the project, this includes; labor and equipment 
costs, financing fees and project development as well as sales tax. 
The PPA financial model was selected because is the most appro-
priate model in assessing the financial viability of large-scale power 
projects for solar. Under this model, the SAM simulates several financial 
structures. Solar energy PPA is a financial arrangement whereby a 
developer organizes for design, financing, permitting and installation of 
a power plant, in this case SPP system, on a property of a customer at 
little or no cost. The developer then sells the generated power to the 
customer at fixed rate that is usually less than the local utility’s rate 
[41]. The lower rate of electricity is aimed at offsetting the customer’s 
acquisition of electricity from the grid, whereas the developer gets in-
come from the sale of the power or electricity and any tax credits that the 
system may generate. PPA contracts are usually between 10 and 25 
years and the developers are responsible for the O&M of the facility 
during the period of the agreement. The contract may be extended, the 
facility removed, or the customer may choose to buy the facility after the 
contract period [41]. This study considered an analysis period (lifetime) 
of 25 years for the purposes of the calculation of the LCOE. Table 1 
shows the financial parameters used for the analysis. The nominal dis-















× 100 (2) 
Another metric that is typically used in evaluating the cost- 
effectiveness of a project is the NPV. The NPV of a project is the mea-
sure of its cost-effectiveness including both cost and revenue. The NPV 
can be calculated using Eq. (3) [2,36]. An NPV with a positive outlook 
indicates that the project is economically viable whiles a negative 







Where: N is the period of analysis in years, Cn represents the project 
returns after-tax ($), dnominal is the nominal discount rate (%). 
A conservative discount rate between 10% and 12% is adopted by the 
International Energy Agency for the construction of PV systems [42], it 
is for this reason that this study used 10% for the analysis. The nominal 
discount rate is calculated by the SAM software base on the real discount 
rate value. Due to the relatively high technological risks associated with 
renewable power plants, an insurance policy is required. A 0.25% in-
surance rate is therefore accepted in the industry for solar PV systems 
[11,42]. All other selected parameters were obtained from official 
Ghanaian sources and their references are indicated accordingly. 
The internal rate of return (IRR) is defined as the discount rate that 






= 0 (4)  
Technical parameters 
PV array 
The technical parameters for the simulation are as indicated in 
Table 1 
Financial Parameters used for the simulation.  
Parameters Value Reference 
Inflation Rate 2.2% [2] 
Analysis period 25 years [42] 
IRR target 11% [11] 
IRR target year 20  
Nominal discount rate 12.42% Calculated 
Real discount rate 10% [42] 
Sales tax 12% [43] 
Federal or national income tax rate 25% [2,44] 
Insurance rate (annual) 0.25% [42]  
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Table 2. PV array performance mostly depends on environmental factors 
such as the solar irradiance and temperature and this can be calculated 
by Eqs. (5) and (6) [20,22,46]: 















Where, fPV denotes the derating factor (%), YPV represents the PV 
array’s rated capacity under standard test conditions (kW), GT is the 
incident solar radiation on the PV array (kW/m2), GT,STC represents the 
incident radiation at standard test conditions (kW/m2), αp is the tem-
perature coefficient of power (%◦C), Tc denotes the PV cell temperature 
(◦C) and Tc,STC signifies the temperature of the PV cell under standard 
test conditions (◦C). 










Where, Ta represents the ambient temperature (◦C), Tc,NOCT is the 
nominal operating cell temperature (◦C), Ta,NOCT signifies the ambient 
temperature at which NOCT is 20 ◦C, GT,NOCT represents the solar radi-
ation for which NOCT is defined i.e. 0.8 kW/m, ηc is the PV array’s 
electrical conversion efficiency (%), τ is the solar transmittance over the 
PV module (%), and α denotes the PV array’s solar absorptance (%). 
The actual AC power which is attained after the DC/AC converter 
conversion from a module can be computed using Eq. (7) [20]. 
Pac = Pdc,STC.η (7) 
Where, Pac is the actual output of the AC power (kW), Pdc,STC denotes 
the rated DC power under standard test conditions (kW) and η is the DC/ 
AC converter’s conversion efficiency (%). 
The performance ratio (PR) can be defined as the ratio of the final 
yield (Yfinal) to the reference yield (Yref ) [20,47]. The PR gives infor-
mation about the systems overall losses, these include thermal losses, 
inverter losses, losses across the bypass diodes, inverter losses etc. dur-
ing the conversion from DC to AC power. The PR can be expressed 
















Where EAC is the AC energy generated (kWh), PPV,rated is the rated PV 
array power (kW) and Ht,daily denotes the global in plane horizontal 
insolation (kWh/m2). 
The Yref can also be defined as a function of the in-plane irradiation 
which is assessed as the ratio of the entire irradiation per day or year to 
the reference irradiance [48]. The daily Yref can therefore be calculated 






Where GI represents the total irradiation (kWh/m2) and GI,ref denotes 
the reference irradiance (kW/m2). 
The capacity factor (CF) of a power plant is the ratio of the power 
plant’s actual output over a period to the potential output should it 
operate at its full nameplate capacity. CF is very helpful and critical to 
power utilities during planning for the diversification of generation mix. 
It enables utilities to evaluate the amount of energy that could be added 
to the mix from a particular power plant [2]. The CF can be expressed 





An annual degradation rate of 0.5% was used in the study as in the 
case of Ref. [18]. Fig. 2 shows the characteristics of the selected solar 
module for the analysis. The cost of the module used for the study which 
is 0.38 $/Wdc was obtained from the SAM module. This is the most 
recent cost of modules estimated by the NREL, who are the developers of 
the SAM software for the year 2020 [50]. 
Table 2 
Technical Parameters for the simulations obtained from SAM software.  
Description Value Unit 
Module Characteristics 
Manufacturer Sunpower SPR-E19-310-COM  
Cell temperature 25 ◦C 
Max Power, Pmp 310.15 Wdc 
Maximum power voltage, 
Vmp 
54.70 Vdc 
Maximum power current, 
Imp 
5.7 Adc 
Open circuit voltage, Voc 64.4 Vdc 
Short circuit current, Isc 6.1 Adc 
Nominal efficiency 19.0 % 
Module area 1.631 m2 
Number of cells 96  
Module aspect ratio 1.7  
Module length 1.67 m 
Module width 0.98 m  
System Design 
Modules per string in 
subarray 
12  
Strings in parallel in 
subarray 
5374  
Number of modules in 
subarray 
64,488  
Nameplate DC capacity 20 MW 
Total AC capacity 16,940 kWac 
Number of modules 64,488  
Number of strings 5374  
Tilt angle for fixed tracking 30◦
Inverters 
Number of inverters 22  
Type SMA America SC750CP - US  
DC to AC ratio 1.18  
Total inverter capacity 17,417.541 kWdc 
Maximum AC power 770,000 Wac 
Maximum DC power 791,706 Wdc 
Maximum DC voltage 820 Vdc 
Maximum DC current 1289.42 Adc 
Minimum MPPT DC 
voltage 
545 Vdc 
Maximum MPPT DC 
voltage 
820 Vdc  
Battery 
Battery type Lithium Ion: Nickel Manganese Cobalt 
Oxide (NMC)  
Desired bank capacity 4000 kWh 
Desired bank power 1000 kWh 
Cell capacity 2.25 Ah 
Nominal bank capacity 4000 kWh 
(DC) 
Nominal bank voltage 500.4 V (DC) 
Cells in series 139  
Strings in parallel 3553  
Maximum discharge power 
(DC) 
1000.1 kWdc 
Maximum discharge power 
(AC) 
960 kWac 
Maximum charge current 1998.6 A  
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Converter 
There are two forms of energy conversions that occur during the 
process, DC to AC and AC to DC power. There is, therefore, the need to 
add inverter and rectifier to the system. Inverters connected to solar 
grids are complex power devices that convert DC power from the 
modules to AC which is latter transferred to the grid. Inverters have 
specific characteristics adapted for use in PV power plants, some of these 
features are anti-islanding protection, MPPT, high conversion efficiency 
and automatic harmonization with grids. The chosen inverter should be 
able to sustain projected monitoring of the modeled AC loads. The 
inverter efficiency is the ratio of its AC output power to the generated DC 
power by the PV arrays (input power) as indicated in Eq. (13) 
[22,26,51]. Fig. 3 shows the efficiency curve of the selected inverter. An 





Where, Pinv,out denotes the inverters output power (kW) and Pinv,in is 
the inverters input power (kW). 
The efficiency curve of the inverters under standard optimal oper-
ating conditions are usually provided by the manufacturers in three 
different voltage levels, that is, lowest, nominal and highest. The effi-
ciency curve makes it easy to find the actual operating point for real 
operating conditions (ROC) [23]. Under ROC, many literatures are 
available for the consideration of the dependency of inverter efficiency 
to the inverter’s input voltage. For instance, a second-order polynomial 
expression has been proposed as shown in Eqs. (14)–(16) [23,53]. 
Pinv,n = k0 + k1Ppv,n + k2P2pv,n (14) 










The battery system serves as a back-up when power generation from 
the solar PV power plant falls. The technical parameters for the storage 
system are provided in Table 2. The state of charge (SOC) of the battery 
system can be computed using Eq. (17). The cost of battery used for the 





Where, (0 ≤ SOC ≤ 1), Cbat signifies the battery’s capacity at time (t), 
Cbatmax represents the battery’s maximum capacity. The battery is fully 
charged if SOC = 1, when the SOC = 0, it indicates the battery is empty. 
Results and discussions 
In this Section, the techno-economic results for the modeled 20 MW 
solar PV power plant for the three selected sites in Ghana are presented. 
The results discussed in this section were obtained from the SAM soft-
ware based on the technical and financial input parameters provided 
supra. 
Technical analysis 
The technical results from the simulation for the two different sys-
tems at all selected sites are presented in this section. According to re-
sults from the simulation, the Wa SPP recorded the highest annual 
energy, obviously due to the high solar radiation at that enclave. PV 
power plants have a unique characteristic from other renewable energy 
sources, PV goes offline during sunset and remains as such until sunrise, 
this plays a role in its relatively small CF values compared to other 
traditional power plants. From the results presented in Table 3, the 
northern belt recorded the highest CF of 18.2% and the other sites 
recorded 16.3% and 16.1% for the Middle and Southern belts, respec-
tively. The recorded CFs for the various studied areas are in the range of 
acceptable CFs around the world for PV power plants. According to 
Martín-Martínez et al. [54], the CF for fixed mounted PVs around the 
world as in the case of the modeled PV power plants in this study, ranges 
between 15% and 21%, this puts all three projects on the right path 
relative to performance, not different from what exists currently in other 
operating power plants around the world. 
The electricity exported to grid for both systems and the battery’s 
total charge are represented in Figs. 4, 5 and 6 for all three sites. Results 
from the figures indicates that, the highest electricity export to grid from 
the system occurs in the first two and last two months of the year, which 
is also the period with high solar radiation at the selected sites. The 
months of June, July and August recorded the least electricity export to 
grid, this is because of the relatively lower solar radiation during that 
period. Similar characteristics apply to the battery total charge during 
the period. 
The PR for the various power plants experienced slight variations, i. 
e. it falls within the range of 0.75–0.77 annually, depending on the 
location of the plant. These results are comparable to the International 
Energy Agency (IEA) photovoltaic power systems program (Task 2), 
where the PR range for grid-connected PV power plants are reported to 
range from 0.6 to 0.8 [26]. 
Technical sensitivity analysis 
The effect of varying certain technical parameters on the perfor-
mance of the two different systems at all three sites are presented in this 
Fig. 2. The module characteristics of SunPower SPR-E19-310-COM (Obtained 
from SAM). 
Fig. 3. Efficiency curve of the selected inverter (Obtained from SAM).  
E.B. Agyekum                                                                                                                                                                                                                                    
Sustainable Energy Technologies and Assessments 43 (2021) 100906
7
section. This includes the effect of some PV power plant technologies (i. 
e. sun tracking) on the techno-economies of commercial scale PV sys-
tems at the selected sites. Solar tracking system is a technology that is 
used to adjust the reflective surfaces or solar panels to align with the 
movement of the sun [55]. In this study, the fixed mode was used as the 
base case for the analysis, in this mode, the PV panels are fixed at a tilt 
angle and does not move. However, in order to evaluate the effect of 
tracking on the performance of both systems, two extra tracking modes 
(i.e. single axis tracking and double axis tracking) were assessed. Single 
axis tracking (SAT) mode is a situation where the PV panels are made to 
rotate from east to west in order to align with the movement of the sun. 
The SAT can be implemented in a number of ways, this includes the 
vertical SAT, polar aligned SAT, horizontal SAT and the tilted SAT [56]. 
The double or dual axis tracking (DAT) is the second mode of tracking, in 
this mode, the PV modules rotate from east to west to align with the 
daily movement of the sun and south or north to track the sun’s seasonal 
movement during the year. The DAT technology has two axes of rota-
tion, it also has two common implementation options i.e. azimuth- 
altitude DAT and tip-tilt DAT [56]. 
Results from the simulation on the effect of tracking on the perfor-
mance of the SPP are presented in Table 4. From the results, it is clear 
that the tracking system has a significant impact on the performance of 
the systems at all sites. In the case of the SAT, the real LCOE for the PV- 
only system reduced to 6.12 ¢/kWh, 6.02 ¢/kWh and 5.42 ¢/kWh for 
the Sunyani, Nsawam and Wa sites, respectively. It’s impact on the NPV 
was minimal for all sites. In the case of the PV-Battery system, the SAT 
had a substantial effect on the NPV, whereas, the fixed tracker whose 
results will be presented in the subsequent section recorded negative 
Table 3 
Technical performance of both systems at all three sites.  
Metric Wa Sunyani Nsawam 
With battery Without battery With battery Without battery With battery Without battery 
Annual energy (year 1), GWh 31 31 28 28 28 28 
Capacity factor, % 18.0 18.2 16.3 16.3 16.0 16.1 
Energy yield (year 1), kWh/kW 1579 1591 1427 1425 1404 1409 
Performance ratio (year 1) 0.75 0.75 0.76 0.76 0.77 0.77  
Fig. 4. Monthly characteristics of electricity export to grid and battery total charge for the plant at Wa for FT system.  
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NPV for all three sites, the SAT recorded positive values, NPVs of $5 
million, $1 million and $2 million were recorded for Wa, Sunyani and 
Nsawam, respectively. The real LCOEs also decreased, Wa recorded 6.71 
¢/kWh, Sunyani 7.60 ¢/kWh and Nsawam 7.49 ¢/kWh. This decrease 
can be associated with the increase in annual electricity production 
which was orchestrated by the tracking system. 
The DAT also improved the performance of the two systems studied 
at all sites. All sites recorded significant changes in terms of energy 
production and capacity factors particularly the PV-Battery system. The 
impact of the DAT on the economics of the PV-only system was however 
minimal especially the NPV, its LCOEs also decreased slightly. For 
instance, the LCOE for Wa was 5.08 ¢/kWh, Sunyani recorded 5.80 
¢/kWh, whiles Nsawam had 5.70 ¢/kWh. The NPV for all sites remained 
around $160,000. For the PV-Battery system, its economic viability 
increased further under the DAT system compared to the SAT system. 
The NPV for the DAT system under the PV-Battery system for Wa was 
over $7 million, Sunyani and Nsawam also recorded over $3 million. 
The downward trend of the LCOE relative to the inclusion of a tracking 
system remained same for the DAT in the PV-Battery system. In general, 
the technical performance (i.e. CF and energy generation) of the PV- 
Battery system could increase between 14 and 21% with the integra-
tion of either DAT or SAT technology at all sites. 
Although the tracking system comes with a number of advantages 
relative to the technical and economic performance of the systems, it 
also has some disadvantages. Some of these disadvantages includes the 
extra cost for the operation and maintenance (O&M) for the tracking 
systems, it also requires more land compared to the fixed trackers since 
it must be spaced in order to prevent shading [56]. 
A project’s lifetime is one of the determinant factors during the 
estimation of an LCOE for solar power plants, thus, it can affect the 
economic viability of the project if the real lifetime does not correspond 
with the estimated one. The key components (particularly PV modules) 
for the construction of the power plant are warranted for a period of 
25–30 years by most manufacturers [42], hence, this study used a 25- 
year period for the analysis. A cumulative NPV and project return 
analysis for all three project sites at a discount rate of 10% was done to 
ascertain the viability of the three different tracking technologies within 
the analysis period. Figs. 7, 8 and 9 shows the after tax cumulative NPV 
and project returns for all three sites for both PV-only and PV-Battery 
systems. Results from the figures suggests that the PV-only system will 
not yield the required returns needed to pay-off the cost of the project in 
the estimated analysis period (i.e. 25 years) for the fixed tracker tech-
nology. However, the inclusion of a tracking system (both SAT and DAT) 
has the potential to help the system generate more electricity within the 
project lifetime to pay-off the initial investment. The PV-Battery system 
which without a tracking system recorded negative NPV for all three 
sites, appreciated significantly in terms of electricity generation with the 
inclusion tracking systems. It’s cumulative after tax NPV mostly lay 
above the zero mark unlike that of the PV-only system. The PV-Battery 
technology proved to be the optimum system for the Ghanaian economic 
and weather conditions even other the current financial arrangements 
used for the simulation. 
Fig. 5. Monthly characteristics of electricity export to grid and battery total charge for the plant at Sunyani for FT system.  
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Economic analysis for PV-only system 
In this segment, the LCOE and NPV results for all the simulated 
power plants for the FT system are presented in detail and compared to 
each other. From the simulated results, the Northern belt (Wa) had the 
least real LCOE of 6.95 ¢/kWh compared to that of 7.76 ¢/kWh and 7.85 
¢/kWh for the Middle (Sunyani) and Southern (Nsawam) belts, 
respectively. The NPV recorded were all positive which is an indication 
of a viable investment, there were however slight variations in NPVs 
among the various sites. Fig. 10 illustrates the behavior of the LCOE and 
NPV during the analysis period for the base case scenario. The system 
recorded a positive NPV value only in the last year of the project’s 
lifetime. 
For a project to be economically competitive, its IRR must be equal or 
more than the applied discount rate [57], a 10% discount rate was used 
for this analysis and from the simulation an IRR of 12.91% was obtained 
at the end of the project which is 2.9% more than the discount rate used 
for the evaluation, which indicates that the modeled project is 
economically viable. Table 5 shows the results for the economic in-
dicators for the base-case scenario (fixed-axis tracker) for the PV-only 
power plant. 
Sensitivity analysis for PV-only system with FT technology 
A sensitivity analysis is critical in evaluating the economic viability 
of a power plant since it opens up the economic analysis to further 
scrutiny. It is a tool used to assess the level of uncertainties in projects. 
An analysis on some key parameters were done to assess their impact on 
the cost-effectiveness of the PV-only facility at the various sites. The 
discount, annual and inflation rates were evaluated under different 
rates. 
Fig. 6. Monthly characteristics of electricity export to grid and battery total charge for the plant at Nsawam for FT system.  
Table 4 
Comparison of technical performances for two different trackers.  






SAT DAT SAT DAT SAT DAT 
PV only system 
Annual energy (year 1), 
GWh 
40 43 36 38 37 39 
Capacity factor, % 23.3 24.9 20.6 21.8 21.0 22.1 
Energy yield (year 1), 
kWh/kW 
2,042 2,177 1,808 1,908 1,838 1,939 
Performance ratio (year 1) 0.77 0.76 0.77 0.77 0.78 0.77  
PV-Battery system 
Annual energy, (year 1), 
GWh 
40 43 36 38 37 39 
Capacity factor, % 23.1 24.6 20.6 21.8 20.9 22.1 
Energy yield (year 1), 
kWh/kW 
2021 2155 1808 1907 1832 1934 
Performance ratio 0.76 0.76 0.77 0.76 0.77 0.77  
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A    B
Fig. 7. Effect of tracking on the after tax cumulative NPV and total after tax returns for PV-only (A) and PV-Battery (B) for Wa.  
A    B
Fig. 8. Effect of tracking on the after tax cumulative NPV and total after tax returns for PV-only (A) and PV-Battery (B) for Sunyani.  
A B
Fig. 9. Effect of tracking on the after tax cumulative NPV and total after tax returns for PV-only (A) and PV-Battery (B) for Nsawam.  
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The discount rate is said to be the opportunity cost of capital taken as 
a percentage of the capital value. In economics, opportunity costs are 
essential and are used in calculating cost benefit analysis relative to a 
project. Such costs are usually not logged in account books; however, 
they influence decision making by calculating the cash outlays and their 
accompanying gains or losses [58]. During investment, the opportunity 
cost of a capital is the cut-off rate, below which the investment is not 
cost-effective. The nominal discount rate is a function of three factors: 
risk-free real return, inflation and the extent of the project risk [58]. The 
results in Fig. 11 suggests that, the economic viability of the project can 
be affected by the discount rate. The LCOE increases with increasing 
discount rate, whiles the NPV is inversely proportional to the discount 
rate. Increasing the discount rate has a diminishing effect on the NPV. In 
fact, any discount rate above 10% according to Fig. 11b renders the 
project economically ineffective at all three sites. 
Interest is charged by all financiers, the charge may be in the form of 
a variable rate (normally based on the lending rate of the bank or inter- 
bank borrowing rate with a margin), fixed rate or floating rate [59]. 
Project finance debt tends to have a fixed rate, this provides a predict-
able or stable reimbursement profile overtime to reduce variations in the 
infrastructure services cost. Volatilities between local and foreign cur-
rency debt is usually a question of harmonizing the fixed debt rate with 
foreign exchange rate risk or the local currency debt, relative to interest 
rate risk [59]. The effect of the annual interest rate on the project was 
assessed and presented in Fig. 12, from the results, it is clear that both 
the LCOE and the NPV depends on the annual interest rate of the 
financing model. Both metrics increases with increasing annual interest 
rates. 
Inflation is said to be the surge in prices of goods and services over 
time. It indicates a loss in the value of money over time, because it de-
creases the purchasing power of a currency. Fig. 13a suggests that, 
A B
Fig. 10. Behavior of LCOE (A) and NPV (B) after tax for the analysis period.  
Table 5 








PPA price (year 1), 
¢/kWh 
7.79 8.69 8.79 
Levelized PPA price 
(nominal), ¢/kWh 
8.32 9.29 9.39 
Levelized PPA price 
(real), ¢/kWh 
7.01 7.83 7.91 
LCOE (nominal), 
¢/kWh 
8.25 9.21 9.31 
LCOE (real), ¢/kWh 6.95 7.76 7.85 
NPV, $ 160,395 160,310 160,301 
IRR, % 11 11 11 
Year IRR is Achieved 20 20 20 
IRR at end of project, % 12.91 12.91 12.91 
Net capital cost, $ 23,889,386 23,889,456 23,889,462 
Equity, $ 10,531,887 10,531,863 10,531,861 
Size of debt, $ 13,357,498 13,357,592 13,357,602  
A B
Fig. 11. Effect of Discount rate on LCOE (A) and NPV (B).  
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increasing inflation rate has a direct effect on the LCOE, the LCOE re-
mains relatively stable between 1% and 7% inflation rate but begins to 
increase consistently for inflation rate beyond 8%. Inflation above 6% 
also results in negative NPV as shown in Fig. 13b. 
Economic analysis for PV-Battery system 
This section analyzes the effect of a storage system (PV-Battery) on 
the economic viability of the various power plants at the three sites. 
Battery serves as a storage device and also manages the flow of power in 
the system. It provides power when power production from the solar 
power plant is low, thus, it assists in improving power reliability and 
stability of the system [39]. The recorded real LCOEs for the PV-Battery 
system as indicated in Table 6 are relatively higher than the recorded 
values for the PV-only system shown supra. The increase in the LCOE 
can be attributed to the increased installation and operational cost due 
to the addition of the battery system. The results also suggests that the 
PV-Battery system with FT will not be economically viable for all three 
sites, considering the negative NPV that were obtained for all three sites. 
Sensitivity anaysis for PV-Battery system 
The impact of discount rate on the viability of the PV-Battery system 
at all sites was very significant. The results from the simulation as 
indicated in Fig. 14 shows that the power plant at Wa is the only project 
that can withstand a discount rate up to 5% to remanin bankable. The 
other two sites turned to be unbankable with the current financial 
conditions adopted for the assessment, a discount rate above 1% renders 
the other two sites unbankable. 
The effect of annual interest rate on the LCOE and NPV for the PV- 
Battery base-case scenario (i.e. fixed axis tracker) is represented in 
Fig. 15. It can be seen from the results that, the annual interest rate has a 
significant impact on the bankability of all projects. An annual interest 
rate above 4% renders the Wa project economically ineffective, whereas 
the other project sites could only withstand an interest rate of 1%. This 
suggests that such projects requires serious interventions from the state 
A B
Fig. 12. Impact of Annual interest rate on LCOE (A) and NPV (B).  
A B
Fig. 13. Effect of Inflation rate on LCOE (A) and NPV (B).  
Table 6 








PPA price (year 1), 
¢/kWh 
9.00 9.00 9.00 
Levelized PPA price 
(nominal), ¢/kWh 
9.63 9.64 9.61 
Levelized PPA price 
(real), ¢/kWh 
8.11 8.12 8.10 
LCOE (nominal), 
¢/kWh 
10.48 11.72 11.93 
LCOE (real), ¢/kWh 8.84 9.88 10.05 
NPV, $ − 1,993,375 − 4,375,722 − 4,803,070 
IRR, % 5.56 1.13 0.46 
Year IRR is Achieved 20 20 20 
IRR at end of project, % 7.76 3.97 3.40 
Net capital cost, $ 26,445,698 26,277,398 26,247,176 
Equity, $ 12,714,862 14,727,164 15,088,138 
Size of debt, $ 13,730,837 11,550,234 11,159,039  
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in order to be successful. 
Comparative analysis and validation of the obtained results 
According to Ref [2,8,11], electricity tariff in Ghana ranges between 
15 and 19 ¢/kWh for domestic users. However, tariffs for consumers in 
the commercial sector are relatively higher due to the cross subsidy 
provided to the residential sector. Industries on the high voltage (HV) 
consumption class such as those in the mining sector are charged about 
23 ¢/kWh. The non-residential sector (i.e. commercial users less than 
100 kVA) pay between 15 and 26 ¢/kWh [60]. These electricity tariffs 
makes Ghana one of the most expensive countries among middle-income 
developing countries in relation to cost of energy. For instance, the 
average grid electricity pricing in Ghana is almost two times higher than 
that of India, South Africa and China [60]. The high cost of electricity is 
as a result of the countries reliance on mostly fossil fuel for its energy 
generation. 
Comparing the obtained LCOE of all scenarios in this study to the 
current electricity consumer tariff structure in Ghana, consumers could 
get not less than 50% reduction in tariff prices should any of the two 
scenarios (i.e. PV- only or PV-Battery) systems be deployed at all three 
selected sites. The inclusion of a tracking system makes it even much 
better for all three sites particularly the PV-Battery system even with the 
current financial arrangements in the country used for the analysis. The 
fixed tracker technology for the PV-Battery system will however require 
serious financial arrangements in its favor to be able to remain finan-
cially viable according to the obtained results since all three sites 
recorded significant negative NPV figures. The outcome suggests that, 
the inclusion of a storage system is the optimal economic viability op-
tion, since it decreases considerably the period required to obtain a 
positive NPV. 
The obtained LCOEs for the 20 MW PV power plant were compared 
to results from other literatures to ascertain their validity. The LCOE for 
power generation from solar power plants especially PV technology has 
seen significant reductions in recent years globally [61]. International 
agencies used the learning curves approach to project the cost of solar 
power for the period between 2020 and 2030, and those predictions are 
A  B
Fig. 14. Effect of discount rate on the LCOE (A) and NPV (B) for the PV-Battery system.  
A B
Fig. 15. Effect of annual interest rate on the LCOE (A) and NPV (B) of PV-Battery system.  
Table 7 



























China  7.36 9 – – – 0.6–0.8 
India  6.83  – – – – 
Japan  11.47  14 – – – 
Germany  9.36 – – 12 – – 
USA  7.06 10 – – 10 –  
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indicated in Tables 7 and 8. The cost of energy in certain parts of Europe 
currently ranges from 0.074 to 0.088 $/kWh [62]. Furthermore, Laz-
ard’s [61], recent annual LCOE study (LCOE 12.0) clearly indicates a 
declining cost in the generation of large-scale PV power. In some cases, 
cost of electricity from these alternative sources have declined to the 
point that they are currently at or below the marginal cost of traditional 
energy generation. The results obtained in this study for all scenarios at 
all sites falls within the predicted LCOE values. Even at discount, interest 
and inflation rates as high as 15%, the LCOEs across the entire country 
for large-scale PV development still falls within the projected LCOEs for 
the next decade. The high NPV particularly in the case of the PV-Battery 
system with tracking technology should be encouraging for large-scale 
PV investments in Ghana. 
Limitations and future research recommendations 
Despite the comprehensive nature of this study, it is important to 
point out certain limitations in the analysis which can serve as future 
research area. The cost of land and availability of same for the con-
struction of these facilities were not considered in this analysis. How-
ever, the cost of land can have a significant impact on the LCOE and 
NPV. It is therefore important to factor same in future studies to help 
understand its impact on the bankability of such projects. As part of the 
future studies, it is also very important to assess the effect of self- 
consumption and the environmental impact of the PV systems. Further 
analysis is also required on the effect of soiling, annual degradation 
rates, capture losses and ambient temperature on the total performance 
of the power plants. Such additional information will serve as a refer-
ence material for other studies during performance modelling under 
similar weather conditions elsewhere. 
Conclusions 
The techno-economic performance of a 20 MW photovoltaic power 
plant has been evaluated under three different climatic conditions in 
Ghana. This includes two different systems, i.e., PV-only and PV-Battery 
system. The obtained PR for all locations ranges between 0.75 and 0.77 
for both systems depending on the location of the plant which are all 
within the IEA range for PV power plants. The systems recorded capacity 
factors which also ranges between 16% and 18%. The total energy 
generated by the FT technology for both systems were 31 GWh for the 
northern section and 28 GWh for both middle and southern sections. The 
obtained LCOE for the FT system for both systems also shows that the 
least cost of energy can be obtained from the northern section (Wa), real 
LCOEs of 6.95 ¢/kWh, 7.76 ¢/kWh and 7.85 ¢/kWh were obtained for 
the Wa, Sunyani and Nsawam SPPs, respectively. It however increases 
slightly with the integration of a storage system. The PV-Battery system 
recorded 8.84 ¢/kWh, 9.88 ¢/kWh and 10.05 ¢/kWh for Wa, Sunyani 
and Nsawam, respectively. The slight increases in the LCOE for the PV- 
Battery system can be attributed to the high cost of the batteries. All sites 
recorded negative NPV for the FT PV-Battery system, which indicates 
that such technology will be economically unproductive to construct. 
The energy yield (year 1) for the systems without battery are 1591 kWh/ 
kW, 1425 kWh/kW and 1409 kWh/kW for the Wa, Sunyani and Nsawam 
sites, respectively. The system with battery installation also recorded 
energy yields of 1579 kWh/kW, 1427 kWh/kW and 1404 kWh/kW, for 
Wa, Sunyani and Nsawam, respectively. The highest IRR at the end of 
the project for the FT with battery was 7.76%, which was recorded at 
Wa, Sunyani recorded 3.97% whiles Nsawam recorded 3.40%. 
However, a sensitivity analysis conducted on both systems at all sites 
shows that the integration of a tracking system, whether SAT or DAT 
could have a significant effect on the technical and economic perfor-
mance of all systems at all sites. The energy generated for the PV-only 
system increased to about 40 GWh for the SAT system whiles that of 
the DAT system increased to 43 GWh. Similar increases were recorded 
for the two other sites with the integration of the tracking system. This 
also resulted in considerable drop in the various LCOEs recorded at the 
various sites. The capacity factors also increased by at least 14–21% for 
the various sites with the integration of the tracking system, particularly 
the DAT system. A further sensitivity analysis on some financial pa-
rameters also revealed that, a discount rate more than 10% will render 
FT PV-only project economically unviable. Other financial parameters 
such as inflation and annual interest rates also had significant impact on 
the bankability of the projects. Generally, the results from the analysis 
indicated that the northern section of the country has the highest po-
tential to support economically viable large-scale PV power plant 
development. Finally, it was observed that the entire country receives 
enough solar radiation to be able to support the development of large- 
scale PV power plants. The DAT system was however, identified as the 
best technology for the Ghanaian weather conditions. 
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